Abstract.
Timescales 
Introduction
It has long been recognized that the observed distributions of stratospheric water vapor and ozone imply upward transport across the tropical tropopause and a mean meridional circulation characterized by ascent in the tropics and subsidence at higher latitudes [Brewer, 1949; Dobson, 1956] .
Early work by Newell [1963] on the dispersal of zssW bomb debris and more recent studies of sulfate aerosol distributions [Trepte and Hitchman, 1992] show the persistence of maxima in tracer fields within 20°of the equator and between 21 and 28 km altitude.
These observations indicate a barrier to mixing with the extratropics, at least in comparison to rapid irreversible mixing within midlatitude "surf zones" [McInlgre and Palmer, 1984] . Poleward transport across the subtropical barrier appears to be associated with planetary wave activity, such as the tongues of air stretching from the tropics into midlatitudes reported by Randel et al. [1993] . These features have been identified also in transport model simulations [Waugh, 1993; Chen el al., 1994] . At lower altitudes, measurements of N_O and H20 suggest that mixing out of the tropics is much more efficient, occurring on a timescale of 3 months or less below 22 km [Hinlsa et al., 1994] Figure 1 ) and N20 (Figure 2 ) spanning 5°S to 10ON by Goldan et aL [1980] and Vedder el al. [1978, 1981] . Midlatitude data shown in Fig [1980] and Vedder ei al. [1978, 1981] ASHOE-SPADE ; '..
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"" gray points are from 30°-40°N with 8 x 10 -_ < MPV < 1.6x 10 -5 K m 2 kg -1 s -I.
As in Figure  1 , dashed curves are fits to the data and the solid curve is the zero mixing solution given by (2). measurement uncertainty of less than 3%. Nearly all of the ER 2 data lie below the 500 K isentropic level. At higher /9, the data shown in Figure 4 
where 8 is potential temperature, _ is the rate of radiative heating, /_, is the photochemical loss rate, and X _ 700
• ... ,'_m_ ". CloudClimatology Project [Rossow and Schiffer, 1991] .
Longwave fluxes to space and shortwave albedo are in good agreement with measurements from the Earth Radiation Budget Experiment [Barkstrom, 1984] . Figure  5 shows the vertical profile of radiative heating. Implied ascent velocities in the tropical lower stratosphere (about 0.025 km day -1) are consistent with the mean value determined by Holton [1990] on the basis of global mass balance.
Results
The zero mixing curves shown in Figures 1-4 et aL, 1992] ; slow mixing in both cases is associated with strong gradients in potential vorticity [ Trepte and Hitchman, 1992; Plumb et al., 1994] . Uncertainties in the derived mixing times are estimated to be about 55% near 450 K, decreasing to 40%-46% above 500 K in the case of the A-S-C N._O mixing time. Contributions to this uncertainty are displayed in Figure 7 which also includes the total uncertainty assuming that individual components add in quadrature. Calculated values of radiative heating (+20%-25% including effects of tropical cirrus) and photochemical loss (-I-15%-20% [Minschwaner el al., 1993] ) both make contributions to the overall uncertainty. Additionally, the large scatter of the data introduces uncertainties in our ._', ._, and COX/a0 terms in (1). In regions where the quantity X -:t' is comparable to the uncertainties in X and X ', such as below 400 K, computed mixing times are uncertain by at least a factor of 2.
Owing to the large temporal range of the data, our results represent mean values averaged over at least 1
year. Figure  7 . Components to the uncertainty for the A-S-C N20 mixing timescale shown in Figure 6 . The curves labeled 6rz and d_r2 are contributions from uncertainties in X and X', respectively, assuming these uncertainties both increase with 0 from 7 to 15 ppb within the altitudes of interest;
6r3 is due to an 18% uncertainty in L; _r4 arises from a 50% uncertainty in COX/CO0 at 380 K, decreasing to 20% at 650 K; and d_rs originates from a 23% uncertainty in 0. Total uncertainty is calculated by adding the individual components in quadrature.
Uncertainties
for the other mixing profiles shown in Figure  6 are generally larger.
due to synoptic and planetary scale wave mixing. The strength of the subtropical barrier may also depend on season as well as the phase of the quasibiennial oscillation in tropical winds and temperature [Hitchman et al., 1994] , but these effects are beyond the scope of this paper. Model simulations also suggest hemispheric differences in mixing out of the tropics [Chen et al., 1994] . We found small hemispheric differences in the CLAES midlatitude distributions, although the impact on computed mixing into the tropics was not significant.
Species used in this analysis must satisfy two criteria. First, the local photochemical lifetime in the tropics must be larger than the derived mixing time so that the effect of mixing is apparent in the tropical profile. Second, there must be a clear distinction between tropical and midlatitude profiles (given by X -X' in (1)). We believe N20 is better suited for this analysis because (1) the local photochemical lifetime exceeds 1 year in the tropics below about 28 km and (2) the reaction with OlD becomes more important at middle and high latitudes in setting the total loss rate, thus producing a sufficiently large gradient between tropical and midlatitude profiles.
Our highest confidence therefore lies in results from the A-S-C N20 data. It is not clear why timescales derived from the Goldan-Vedder N20 data are significantly larger above 500 K. A quantity of interest is the fraction of midlatitude air _ entrained into the tropical ascent region.
If (1) is rewritten in terms of the difference A between the tropical and midlatitude mixing ratio of an infinitely long-lived tracer in steady state (L = 0, O/cOt = 0) and we define _"= (Ao -A)/Ao, where A o is the initial difference at the isentropic surface intersecting the tropical tropopause, then _ is determined by
Owing to the altitude dependence of mixing and tracer vertical profiles, this quantity is not the same as the apparent mixing fraction derived along surfaces of constant 0. For example, the apparent mixing fraction (obtained by simply comparing the observed and zero mixing profiles on a constant theta level) for the A-S-C N_O data is about 30% at 650 K. As shown below, the actual fraction of midlatitude air is approximately 65%.
The reason this value is much higher than the apparent mixing fraction is that much of the mixing is occurring at lower altitudes where the difference between the tropical and midlatitude mixing ratios is smaller. Figure 8 shows the calculated profiles off corresponding to mixing timescales from Figure 6 . Differences between data sets are less than 40% above 500 K despite much larger disparities in profiles of r; apparently, ( is a more robust quantity for the present method of analysis. As an indication of the effect of uncertainties in the vertical profile of r, Figure 8 also includes a ( profile corresponding to a fixed r of 12 months. The fraction of midlatitude air entrained into the tropics increases from 0% at the tropopause to more than 50% above 550 K by Mote et al. [1996] . They found that the amplitude of the seasonal signal (comparable to 1in the present analysis) diminished sharply between the tropopause and about the 500 K level but changed much less rapidly at higher altitudes, in agreement with the mixing fractions shown here in Figure  8 . The signal attenuation below 500 K implies a lower limit to the mixing timescale of 7 to 9 months, also in agreement with our values of r shown in Figure 6 . However, the lower limit of 15-18 months derived by Mote et M. between 500 and 700 K is somewhat longer than our best estimate given by the A-S-C N=O data in Figure 6 .
Conclusion
The distributions of long-lived tracers N20 and CC13F in the lower stratosphere indicate that a potential barrier exists for isentropic mixing of midlatitude air into the tropics. The tropical stratosphere may be effectively isolated for more than 1 year between 430 and 500 K. Although enhanced rates of mixing are inferred above and below this region, the level of uncertainty does not preclude the possibility of a fixed value of r, independent of 8. Additional data from the tropical lower stratosphere, for example, from the ongoing Stratospheric Tracers of Atmospheric Transport missions, would be highly desirable to more effectively constrain mean tropical profiles of long-lived tracers. It is unlikely, however, that the present method can be used to unambiguously derive a vertical profile of mixing in which variations with respect to 8 will exceed the level of uncertainty.
The mean timescales derived here suggest that further analysis would be best suited using N20 or molecules with similar photochemical time constants, such as CCI2F_. Owing to the integrated effect of isentropic mixing, however, the tropical import barrier appears to possess an altitude-dependent permeability.
